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in the global troposphere 
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Paul J. Crutzen s 
Abstract. A global three-dimensional model of the troposphere is used to simulate the 
sources, abundances, and sinks of mineral aerosol and the species involved in the 
photochemical oxidant, nitrogen, and sulfur cycles. Although the calculated heterogeneous 
removal rates on mineral aerosol are highly uncertain, mainly due to poorly known 
heterogeneous reaction rates, the reaction of SO2 on calcium-rich mineral aerosol is likely 
to play an important role downwind of arid source regions. This is especially important for 
regions in Asia, which are important and increasing emitters of sulfur compounds. Our 
results indicate that the assumption that sulfate aerosol follows an accumulation mode size 
distribution, is particularly in Asia likely to overestimate the sulfate aerosol climate- 
cooling effect. An even larger fraction of gas phase nitric acid may be associated with and 
neutralized by mineral aerosol. Interactions of N205, 03, and HO2-radicals with dust are 
calculated to affect the photochemical oxidant cycle, causing ozone decreases up to 10% in 
and nearby the dust source areas. Comparison of these results with limited available 
measurements indicates that the proposed reactions can indeed take place, although due 
to a lack of measurements a rigorous evaluation is not possible at this time. 
1. Introduction 
Mineral aerosols produced from windblown soils are an im- 
portant component of the earth-atmosphere system. It is esti- 
mated that 1000 to 3000 Tg of such aerosols are emitted an- 
nually into the atmosphere [Jonas et al., 1995; d'Almeida et al., 
1987]. In comparison, the global estimate of secondary aero- 
sols (e.g., carbonaceous ubstances, organics, sulfate, and ni- 
trate) is -400 Tg yr -• [Preining, 1991; Tegen et al., 1996]. 
Furthermore, the emissions of mineral aerosols may be in- 
creasing substantially as the arid and semi-arid areas expand 
due to shifting precipitation patterns and land use changes 
associated with overgrazing, erosion, land salinization and 
mining/industrial activities [Sheehy, 1992]. Dust storms have 
become a distinct feature in many regions around the globe, 
including east Asia, west Africa, and South America [Schultz, 
1979; Prospero et al., 1979]. 
The effects of mineral aerosol in the atmosphere remain 
largely unquantified. It is known that atmospheric aerosols can 
influence radiative transfer by absorption and scattering of 
solar and terrestrial radiation, and by changing the optical 
properties of clouds through modification of the distribution of 
cloud condensation uclei (CCN) [Charlson et al., 1992]. Cur- 
•Department of Air Quality, Wageningen University, Wageningen, 
Netherlands. 
2Institute for Marine and Atmospheric Research, Utrecht, Nether- 
lands. 
3Department ofChemical and Biochemical Engineering, and Center 
for Global and Regional Environmental Research, University of Iowa, 
Iowa City. 
4Environmental nd Energy Sciences Division, Battelle Pacific 
Northwest Laboratories, Richland, Washington. 
SMax-Planck-Institut ffir Chemie, Mainz, Germany. 
Copyright 1996 by the American Geophysical Union. 
Paper number 96JD01818. 
0148-0227/96/96JD-01818509.00 
rent estimates suggest that the climate forcing due to aerosols 
linked to fossil fuel combustion and biomass burning largely 
offset that due to greenhouse gases in portions of the tropics 
and industrialized areas [Kiehl and Briegleb, 1993]. Mineral 
aerosols should exert a similar influence. The radiative effects 
of mineral aerosols are under study; for example, Tegen and 
Fung [1994, 1995], Tegen et al., [1996], Liet al. [1996],Andreae 
[1996]; however, large uncertainties remain due to the lack of 
detailed information on size distribution, chemical composi- 
tion, surface properties, source strengths, and atmospheric 
transport and removal processes. 
Aerosols also play important roles in many biogeochemical 
cycles, by providing reaction sites and serving as carriers for 
many condensed and sorbed species. For example, Luria and 
Sievering [1991] have claimed that the heterogeneous oxidation 
of SO2 on aerosols may account for nearly 60% of the oxida- 
tion of SO2 to SO42- in the marine troposphere. In addition, 
the chemical conversion of SO2 to sulfate on sea salt particles 
has been shown to be a significant source for nonsea salt (nss) 
sulfate in marine boundary layers [Chameides and Stelson, 
1992; Sievering et al., 1992]. Aerosols and clouds may also 
impact the photochemical oxidant cycle. Dentenet and Crutzen 
[1993] have shown that reactions involving N205 and NO3 with 
sulfate aerosols appreciably alter the tropospheric levels of 
NO,,, 03 and OH, and Lelieveld and Crutzen [1990] assessed 
the effects of clouds on tropospheric photochemistry. Zhang et 
al. [1994] have investigated the influence of mineral aerosol 
(also referred to as Kosa aerosol) on the tropospheric oxidant 
cycle in a box model analysis. Ozone was calculated to decrease 
due to reactions on mineral particles by 10-20%. However, 
little is known regarding the impact of ambient mineral aero- 
sols on chemistry of the global tropopshere. 
In this paper we look more closely at the role of dust. 
Specifically, we address whether mineral aerosols can affect the 
chemistry of SOx (:SO2 + sulfate), NOy (:NOx + HNO3), 
and 03. We focus on the global aspects of reactions of trace 
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F!gure 1. Prescribed aerosol number and mass size distribution during dust storm and normal conditions, 
based on the measurements byd•41meida [1987] in Senegal. For comparison the dust distributions given by 
Shettle [1984] are also presented. 
gases on mineral aerosol. For this purpose we use a global 
three-dimensional (3D) coarse resolution model to simulate 
the global sources, transports, and removal of mineral aerosol. 
The results of the dust simulations are used to provide aerosol 
surface and mass for heterogeneous reactions of SO2, HOx, 
NOy, and 03. 
2. Model Description 
2.1. Global Transport/Chemistry Model 
The global three-dimensional transport model Moguntia 
used in this work has a horizontal resolution of 10 ø x 10 ø and 
10 vertical layers of 100 hPa thickness [Zimmermann, 1988]. 
Transport is described by monthly average winds [0ort, 1983] 
and eddy diffusion coefficients based on the standard devia- 
tions of those winds. In addition to the monthly mean trans- 
port, deep cumulus convection is parameterized according to 
Feichter and Crutzen [1990]. Convective transport, however, is 
only applied to relatively insoluble trace gases, whereas all 
aerosol components (including mineral aerosol) were assumed 
to be effectively scavenged in the cumuli. The model includes 
background C3-C2-CH4-CO-NOx-HO,, photochemistry, cou- 
pled with reduced nitrogen (NHx) and sulfur (DMS, SO2, 
SO]-) chemistry. Anthropogenic emissions of SOx and NOx 
were taken from GEIA (Global Emissions Inventory Activity) 
[Benkovitz et al., 1996]. Details of the chemistry calculations, 
and results of photochemical, sulfur and reduced nitrogen sim- 
ulations (without dust) have been presented by Langner and 
Rodhe [1991],Dentener and Crutzen [1993, 1994]. In addition to 
the previously mentioned tracers, in this work sulfate and ni- 
trate associated with dust are explicitly taken into consider- 
ation. 
2.2. Dust Model 
Mineral aerosol has been modeled by Wefers [1990] and 
Wefers and Jaenicke [1990]. As in the Moguntia model no 
instantaneous winds are calculated, a statistical approach was 
chosen to describe the dust sources. Desert areal coverage for 
arid regions in Africa, Asia, Australia, South America, and 
North America was taken from Pye [1987]. The monthly 
amount of dust storm days was calculated from Pye [1987], 
Schutz [1979], and Uematsu [1983]. Typically, 1-3 high dust 
days per month are simulated in the high dust season. In areas 
for which we did not have detailed information on the seasonal 
distribution of dust storm days, the yearly number of dust 
storm days was monthly distributed using the model winds. A 
complicating factor is that observations of dust storms are 
reported mostly for populated regions, where land use changes 
may have affected the dust mobilization [Tegen and Fung, 
1995]. Also, the number of observations greatly differs region- 
ally. 
In our model aerosol size distributions for the dust storm 
and "normal" days were prescribed in the surface layer [--•0- 
400 m] based on the measurements by d9tlmeida [1987] in 
Matam, Senegal (Figure 1). Matam is situated in an alluvial 
flood plain, with a relatively large fraction of small particles, 
which can be subject o long-range transport after being lifted 
into the atmosphere. The prescribed size distributions on "nor- 
mal" and "dust storm" days are taken from dMlmeida's [1987] 
"wind carrying dust" and "sandstorm" cases. Considerable un- 
certainties are associated with the use of these size distribu- 
tions. For comparison, we also present in Figure 1 the size 
distributions of Shettle's [1984] dust model. Although Shettle's 
and d'Almeida's dust storm size distributions compare well, 
our "normal condition" has more mass in the larger size ranges 
than Shettle's background case. There is some evidence [Dulac 
et al., 1992; Y. Balkanski, personal communication, 1996] that 
Shettle's distribution may be more appropriate. The uncer- 
tainW in terms of aerosol surface available for reactions thus 
may be up to a factor of 10 for a specified amount of mass! 
Mineral aerosol was transported in 10 discrete size intervals 
AF i [/xm] with 
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At, = [0.9r,, 1.1r,] (1) 
and r, •,•o = [0.1, 0.3, 0.7, 1.0, 3.0, 7.0, 10.0, 30.0, 70.0, 100.0] brm. 
Using an average aerosol density of 1.8 g cm -3 and the air 
density, the number concentration An l' in size interval zXr, was 
converted to mass mixing ratio which is the quantity needed in 
the transport routine. 
Aerosol particles are removed by wet and dry deposition. 
Following the parameterisation by Junge and Gustafson [1957], 
the wet removal rate Lp (s 1) is taken to be proportional to the 
average rate of formation of precipitation P (g m 3 s •) and to 
the dimensionless cavenging efficiency e: 
P 
where L is the liquid water content of the precipitating cloud, 
for which we adopted 1 g m -3. Input data for this scheme 
originate from measured climatological precipitation fields at 
the Earth's surface [Jaeger, 1976]. The vertical distribution of 
precipitation is scaled to the release of latent heat with height 
[Newell et al., 1974]. To account for the insoluble aerosol frac- 
tion in mineral aerosol, the removal by wet deposition was 
arbitrary assumed to be only half as effective as that for soluble 
aerosol (e = 0.5). 
Further, particles are removed by Stokes gravitational set- 
tling. Above roughly 10/•m the settling velocity is so high that 
most emitted particles are directly deposited near the source. 
In the surface layer all particles are, in addition to gravitational 
settling, subject o transport in eddies and impaction and stick- 
ing at the surface. A constant value of 0.1 cm s-• was assumed 
for this process, being valid mostly for submicron particles, 
which are inefficiently removed by gravitational settling [Duce 
et al., 1991]. 
Aerosol number, surface and mass concentrations were ob- 
tained by using Romberg integration of aerosol concentrations 
•Xn, [Press et al., 1986]. Results of the dust simulations and 
comparisons with measurements are presented in section 3.1. 
2.3. Reaction Rates on Dust Particles 
Uptake and reaction of gases on aerosol surfaces. The 
pseudo-first-order-rate coefficient k• Is 1] which describes the 
net removal rate of gas phase speciesj to an aerosol surface, is 
given by 
k,- k•,./(r)n(r) d(r) (3) 
1 
with n(r) d(r) [cm -4] is the number density of particles be- 
tween r (aerosol radius) and r + dr, and kd./ is the size 
dependent mass transfer coefficient [cm3s •] calculated using 
the Fuchs and Sutugin [1970] interpolation equation: 
4zrr D/V 
= + Xn(X + - -)/3.) (4) 
where De [cm: s •] is the gas phase molecular diffusion coef- 
ficient for the gas under consideration, Kn is the dimensionless 
•udsen number (= h/r), and h the effective free path of a gas 
molecule in air, V is a ventilation coe•cient, which is close to 
1, and a is the dimensionless mass accomodation coe•cient 
(also called uptake or sticking coe•cient), which is defined as 
the number of molecules adsorbed by the surface divided by 
the number of collisions with the surface. In this work we 
substitute o• by 3/, which is the reaction probability or reactive 
sticking coefficient. If uptake is not rate-limited by aqueous 
phase diffusion or reaction, o• = 3/, in other cases o• represents 
an upper limit for ?. 
HO,, reaction probability. Odd hydrogen radicals such as 
HO: and OH are likely to react on atmospheric dust particles, 
probably through catalytic pathways involving redox reactions 
with iron or copper [Ross and Noone, 1991]. A study by Mat- 
thijsen and Sedlak [1995] showed that in cloud droplets, in the 
presence of iron or copper, the destruction of HO: results in 
the formation of hydrogen peroxide through the reactions: 
HO2 + Fe (III)-• Fe(II) +O2 + H + (s) 
HO:+ Fe(II)(+ H+)-•Fe(III) + H:O: (6) 
Mozurkewich e! al. [1987] measured the sticking coefficient c• of 
HO 2 on aqueous particles to be larger than 0.2. Hanson et al. 
[1992] observed uptake coefficients c• for HO 2 larger than 
0.01-0.05 on water and H2SO 4 surfaces, respectively. Hdinel 
[1976] showed that Saharan dust at RH > 50% takes up sig- 
nificant amounts of water. If the dust particles contain some 
water, aqueous phase trace metal redox reactions are likely to 
be very fast, and a ? value for HO 2 of 0.1 is certainly justified. 
In this case HO 2 uptake is essentially diffusion limited. We do 
not have information on the uptake of HO 2 on dry aerosol, and 
in this work we assumed it to be equally fast under dry as under 
wet conditions. Laboratory experiments of HO 2 uptake on dust 
particles, preferably under realistic atmospheric conditions, 
would be very valuable. OH radicals are also likely to be taken 
up by dust aerosols with reaction rates similar to HO 2. We do 
not take OH uptake into account, because even very fast het- 
erogeneous OH loss on mineral aerosol would be insignificant 
compared to gas phase OH destruction. In this work we have 
neglected the uptake of hydrogen peroxide on dust particles, 
although the accommodation coefficient of H202 on aqueous 
surfaces is known to be large [Worsnop et al., 1989]. Because of 
reaction (6) dust particles may even be a source rather than a 
sink for H202. Destruction reactions of H202, such as with 
SO2, are too slow to justify high reaction probabilities. This 
contrasts with aqueous phase chemistry where large cloud 
droplet volumes are available, so that substantial amounts of 
H202 may react with SO2 (see section on HNO3 and SO2 
reaction probability). 
N205 and NO 3 reaction probability. N205 is readily taken 
up by aqueous surfaces through the reaction: 
N2Os + H20•2 HNO3 (7) 
The reaction probability 3/(N205) on sulfuric acid particles was 
determined by Hanson and Lovejoy [1994] to be 0.06-0.12. 
Morzurkewich and Calvert [1988] measured reaction probabil- 
ities of 0.05-0.09 on ammonium sulfate particles, and Fan 
Doren et al. [1990] measured uptake coefficients of •0.05 on 
water and sulfuric acid. To our knowledge no comparable 
reaction probabilities on mineral aerosol have been deter- 
mined. In this study we use a relatively high ? of 0.1, assuming 
that ? on mineral aerosol is identical to that on other particles. 
Recent work by Fenter e! al. [1996], however, indicates that the 
reaction probability on dry salts, may be lower by 2-3 orders of 
magnitude. Thus the application of a ? of 0.1 may overestimate 
the removal of N205 in the dust source areas with low relative 
humidities (see also section 3). On the other hand, N205 pro- 
duction is most effective during the night [Dentenet and Crut- 
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zen, 1993] when, at least in the boundary layer, relative humid- 
ity (RH) is at maximum. Thus, under these circumstances, dust 
particles are likely to contain some water and a high value of •/ 
seems justified. 
The nitrate radical NO 3 may also be subjected to reaction 
with dust aerosol [e.g., Li et al., 1993]. However, the reaction 
mechanism is not very clear. Sensitivity studies were performed 
and we found that additional heterogeneous NO 3 radical re- 
actions did not lead to substantial additional NOx removal. 
Therefore, in this study NO 3 reactions on dust have been 
ignored. 
HNO 3 and SO2 reaction probability. HNO3 and SO2 up- 
take coefficients on water droplets are on the order of 0.1 [Van 
Doren et al., 1990; Worsnop et al., 1989]. It is assumed that 
uptake of HNO3 on dust particles is followed by a simple 
neutralisation reaction, for example' 
HNO3 + CaCO3---> Ca2+NOj + HCOj (8a) 
HNO • Ca2+NO.• - + HCO; --' r'" t•xTr• • , , • -,•,•,l,,•,.•/z, HzOa-CO2 (8b) 
at least when there is alkaline material available in the aerosol. 
For sufficiently wetted aerosol this should be a fast process, 
and probably this reaction is even fast under dry conditions. 
The situation for SO2-uptake may be more complicated, as the 
sorption of SO2 is followed by an oxidation reaction of SO2 or 
associated anions. For example, Beilke and Gravenhorst [1978] 
present a reaction mechanism proceeding via metal-sulfito- 
complexes, with HO 2 and SOj as chain carriers. In addition, 
SO2 can be oxidized by the reaction [Maahs, 1983]: 
2- SO 3 q- O3•SO• q- 0 2 (9) 
The solubility and thus the reaction of S(IV) with 0 3 is strongly 
p H dependent, and for pH > 8, in the presence of water, the 
oxidation of S(IV) is sufficiently fast to make heterogeneous 
reaction of SO2 on mineral aerosol essentially gas phase dif- 
fusion limited. (As indicated before, the reaction of SO2 with 
H202 is not very important on dust particles, because the 
reaction rate of (12) is not very fast, and in contrast to cloud 
droplets, not enough water volume is present to reach signifi- 
cant conversion rates.) 
Observational data support the formation of sulfate and 
nitrate on mineral aerosol. Single particle studies of Asian 
aerosols, using spot tests and transmission electron microscopy 
(TEM), clearly show that the mineral aerosol is coated with 
sulfates and nitrates [Parungo et al., 1995]. In addition, labo- 
ratory measurements indicate that 25-400 mg SO2 g-• may be 
removed by fly ash, cement, and dust [Mamane and Gottlieb, 
1989; Judeikis et al., 1978; Dlugi et al., 1981]. Judeikes et al. 
[1978] measured reactive sticking coefficients on various ma- 
terials like Fe203, fly ash, and soot, ranging from 10 -3 to 10 -6 
From measurements by Dlugi [1981] a similar range of values 
can be derived. Reactive sticking coefficients decreased during 
prolonged exposure, but much less so at high relative humidity 
(RH). Because of the nature of the dust source regions (hot 
and dry) water vapor mixing ratios and RH in the vicinity of the 
source regions are quite low. Thus the uptake of water by 
aerosol particles is expected to take place only in air masses 
which are mixed with more humid air at some distance from 
the source regions or at night in the boundary layer. Outside 
the dust source areas, relative humidities in the boundary layer 
are generally higher than 50%, enabling the SO2 oxidation by 
0 3 or radical reactions. 
An alternative way of estimating reaction probabilities of 
SO2 on dust is based on dry deposition observations, or more 
correctly expressed, surface resistance measurements. Sehmel 
[1980] presents data on SO2 deposition on calcareous soils, 
cements and Fe203 ranging from 0.5-3 cm s-•; these measure- 
ments may, however, include aerodynamic resistances. From 
these deposition velocities •/may be estimated using the equa- 
tion [Schwartz, 1992]: 
4 Vd 
= 
Vm 
Using a molecular speed Vm of 400 ms- •, we calculate a •/value 
for SO2 ranging from 5 x 10 -s to 3 x 10 -4 for deposition 
velocities Vd between 0.5-3 cm s-•. Dependencies of dry de- 
position on soil humidity (or relative humidity of air) have 
been measured, but were not very important for calcareous 
soils [e.g., Payrissat and Beilke, 1975]. As expected, a strong 
dependency of deposition velocity on soil p H was observed. 
Dry deposition of gas phase HNO 3 is determined almost en- 
tirely by the aerodynamic resistance [Hanson and Lindberg, 
1991, and references therein], and surface resistance rc is very 
low. Assuming a surface resistance of HNO 3 smaller than 10 s 
m -1, •/(HNO3) is calculated to be larger than 10 -3, which is 
consistent with the laboratory observations presented earlier. 
In our study we use a T(HNO3) of 0.l, and •/(SO2) of 3 x 
10 -4 for areas with RH < 50% and •/(SO2) = 0.1 at RH > 
50%. The latter value is based on the assumption that the 
oxidation of SO2 by 03 in the aqueous phase is very fast, an 
assumption only justified for high p H values. Therefore we 
assume that the uptake of SO2 (and HNO3) only takes place if 
the alkalinity from the dust aerosol exceeds the acidity from 
the dust-associated sulfate and nitrate. Alkalinity in soils is to 
a great extent determined by the calcium carbonate content. 
Calcium contents of soils in the arid regions of Asia range from 
4 to 8% (by weight) [Wang and Wang, 1995]. LojJe-Pilot et al. 
[1986] report a calcite content for the Sahara ranging from 5 to 
30% (Ca: 2-12%). Arid regions in the United States contain 3 
to 8% Ca 2+ [Gillette t al., 1992]. CaCO 3 may neutralize acidity 
through the reaction: 
CaCO 3 + 2 H +--• Ca 2 + + CO 2 q- H20 ( l l) 
We use in our calculations an average Ca 2+ content of 5%, 
which is somewhat larger than the global average crustal Ca 
content of 3.6% given by Jaenicke [1988]. It should be noted 
that our description of SO2 removal as dependent on alkalinity 
and water content is rather similar to the one proposed by 
Judeikes et al. [1978]. 
In addition to heterogeneous oxidation of SO2 on mineral 
aerosol by ozone, in our model SO2 is oxidized in clouds 
through reaction with ozone (9) and H202: 
HS O•-aq - H202a q--> HS O•-aq - H20 (12) 
and in the gas phase by the OH radical: 
SO2+ OH(+ O2)--•SO3+ HO2 (13a) 
503 q- H2 O---> H2504 (13b) 
the latter reaction being fast. We assume that the gas phase 
H2SO 4 produced by the latter reaction sequence is either form- 
ing new particles which are removed by coagulation, or directly 
condensing on both the preexisting accumulation range (am- 
moniumbi) sulfate aerosol and mineral aerosol according to 
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Figure 2. Measured ratio of (a) aerosol nitrate and (b) nss-sulfate to nss-calcium (inn-equivalence m -3) in 
eastern Asian aerosol. All data except UI data are from data collected from weekly filters during June 1992 
to May 1993 [Fujita and Takahashi, 1994]. The UI data is from daily samples taken at Cheju Island, Korea 
from 1992 to 1994 [Carmichael et al., 1995]. 
their surface ratios. In this version of the Moguntia model we 
thus keep track of sulfate produced by gas phase and/or cloud 
chemistry, and sulfate produced on mineral dust particles. 
Mineral aerosol, coated with sulfate and nitrate, may in fact 
provide a rather efficient cloud condensation uclei and collect 
additional sulfate during cloud-processing. The importance of 
this process has not yet been assessed in this work. 
The implications of the above chemical mechanisms for sul- 
fate and nitrate formation on mineral aerosol should be noted. 
For nitrate, the mechanism results in aerosols with maximum 
nitrate levels determined by the stoichiometric relation with 
calcium as determined by (8). In addition, the aerosol nitrate is 
found with the same size distribution as the mineral aerosol. 
These model assumptions are consistent with observational 
data of the chemical composition of aerosols in east Asia. 
Particulate nitrate is plotted against non sea salt (nss) calcium 
(on an equivalent basis) in Figure 2a. We obtain a very high 
correlation, with the stoichiometric relation consistent with 
(8). Size resolved chemical data [Horai et al., 1993] shows that 
nitrate is associated with the nss-calcium, which represents the 
mineral aerosol size fraction (Figure 3). Nitrate is not present 
in submicron aerosol, indicating the relatively low solubility of 
HNO3 in the acidic sulfate aerosol and the absense of 
NH4NO 3 aerosol. 
In the case of sulfate, the above mechanism indicates that 
SO2 reactions with (mineral) aerosols are p H dependent, and 
thus sulfate should correlate with nss-calcium. However, in 
contrast to nitrate, most sulfate is found in the accumulation 
mode. A secondary peak, coincident with nss-calcium is also 
shown in Figure 2b. Consistent with the above mechanism, 
nss-sulfate concentrations are higher than that predicted by the 
mineral reaction alone. Size resolved data in Asia (Figure 3) 
also support that sulfate is found in both the accumulation 
mode and on mineral aerosol surfaces [Horai et al., 1993]. The 
fraction of sulfate associated with the mineral aerosol varies 
from 10 to 90%. 
03 reaction probability. To our knowledge, no direct mea- 
surements of O3 uptake by dust aerosol exist. Further, the 
mechanism for O3 destruction is unclear. Reactions with trace 
metals, such as iron and manganese, and oxidation of organic 
material by ozone are offered as mechanisms. It should be 
noted in this respect that dust contains 4 to 10% of iron by 
mass [Zhang et al., 1993], and that soil derived dust may con- 
tain particulate organic matter and mineral organic complexes 
in concentrations that depend on the soil type and land use 
history of the area of origin. 
Measurements in Japan indicate that mineral aerosol asso- 
ciated with long range transport (Kosa particles) contain 2 to 3 
times more organic carbon, including a variety of nonmethane 
hydrocarbons including alcohols and organic acids, than non- 
kosa particles [Ohta, 1991]. There is indirect evidence that O_• 
uptake on dust aerosols can be of some significance, for exam- 
ple, ozone dry deposition measurements on soils and sand. 
Aldaz [1969] gives an average dry deposition velocity of about 
0.5 cm s-1 on sand and dry grass, with dry bare soils being 
approximately twice as effective in destroying ozone as wet 
soils. Turner et al. [1973] estimated an average deposition ve- 
locity on soils of 0.5 cm s • but also indicated that the actual 
surface resistance on loam and organic soils may be quite low 
(0.2-0.4 s cm-•), and much higher (0.7-1.3 s cm-•) for high 
soil water contents and coarse sand. Wesely et al. [1981] deter- 
mined a low surface resistance of 10 s m • for cold bare soils, 
--1 
corresponding to a maximum deposition velocity of 10 cm s 
Galbally and Roy [1980] measured a surface resistance for sand 
of 40-60 s m --• (1.7-2.5 cm s •). The lowest surface resis- 
tances were observed during the day, possibly related to 
changes in soil temperature and photoactivation of surfaces 
sites. Furthermore, Galbally and Roy [1980] noted very low 
surface resistances (30 s m-•) for loam and calcareous soils at 
low moisture contents (<20% water content), rapidly increas- 
ing with increasing soil moisture. Active sites for ozone de- 
struction gradually being covered with H20 molecules was 
offered as an explanation. Garland [1976], as referenced in 
--1 Sehmel [1980], measured deposition velocities of 0.14 cm s 
on sand, 0.22 cm s-• on CaCO 3 and 0.84 cm s-• and 1.76 cm 
s-• on soils containing 27 and 4% H20, respectively. Stocker et 
al. [1987], using the eddy correlation techniques, measured low 
deposition velocities on sand and rocks in Nevada, of 0.11 cm 
s-• during the day, falling to 0.03 cm s -• overnight. Similar 
results are obtained by Glisten et al. [1995] who measured 
deposition velocities in the Sahara of 0.15 cm s-• during the 
day and 0.065 cm s -• during the night. These regions may, 
however, represent "dead" source areas in terms of uplift of 
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7 x 10 -4, perhaps due to coverage of surface sites by oxygen- 
ated groups. 
The reaction systems of NO2-soot and NO2-soil have been 
more extensively measured, for example, by Judeikes et al. 
[1979]. Uptake coefficients of NO 2 ranged from 6.4 x 10 -s, 
3.4 x 10 -s, 3 x 10 -s to 1 x 10 -s on sandy loam, cement, 
F%O3, and sand, respectively. Uptake coefficients are also 
found to gradually diminish after multiple exposures, but sur- 
faces were found to be reactivated by precipitation [Judeikes 
and Wren, 1978]. Comparing the uptake coefficients of NO2 on 
soot with O3 on soot, the latter may be nearly 6 times faster 
[Smith et al., 1988]. It is unknown whether ozone destruction 
on dust particles is comparable to destruction of O3 and NO 2 
on carbonaceous materials, or if a parameterisation due to 
reaction with iron is more appropriate. 
All in all, the range of measured laboratory uptake coeffi- 
cients seem to agree with the 3/values derived from the dep- 
osition measurements. In our study we used a 3/of 5 x 10 -s, 
being most consistent with the information presented above. 
We estimate a lower limit for direct ozone destruction by dust 
of 1 x 10 -s, and an upper limit of 3'(03) = 2 x l0 -4, which 
corresponds to the highest measured deposition velocities, in 
agreement with the uptake experiments of Fendel et al. [1995] 
and Stephens et al. [1986], assuming a high iron/organic fraction 
of the aerosol. Note that this upper limit is well below the 
measured nondestructive mass accomodation coefficient a(O3) 
> 2 x 10 -3 on water surfaces [Utter et al., 1992], whereas the 
earlier 3' values were reactive uptake coefficients. 
Ca 2+ 
0 .... •,,,] ......... 0.1 1 1[0 30 
Aerodynamic diameter [!um] 
Figure 3. Observed mass size distribution of sulfate, nitrate, 
and calcium of aerosol measured at Kagoshima, Japan in 
March 1993 [Horai et al., 1993]. Dashed line represents the non 
sea salt fraction. 
mineral aerosol. From (10), with va ranging from 0.1 to 3 cm 
s -•, 3' is calculated to range from 3 x 10 -4 to 1 x 10 -s 
Laboratory uptake experiments of 03 and NO2 on soot and 
iron aerosols give additional information on the ozone uptake 
probability for the "organic" and "iron" reaction, respectively. 
Fendel et al. [1995] determined uptake coefficients on average 
of 4 x 10 -4 on fresh carbonaceous aerosols, and deduced 
similar coefficients for iron aerosols. Assuming that reactions 
with iron mostly determine the destruction of ozone, a typical 
iron content of about 5% in dust aerosol [Pye, 1987; Nishikawa, 
1991a, b] would translate to 3' = 2 x 10 -s. Stephens et al. [1986] 
showed that the uptake coefficients of ozone on carbonaceous 
surfaces may be initially high but decrease by more than a 
factor 10 after repeated exposure resulting in an average 3' of 
3. Results 
3.1. Dust Calculations and Comparison With Previous 
Results 
Global dust emissions. The calculated global dust source 
in the model is 1800 Tg/yr for particles r < 10 •m and 15500 
Tg/yr for particles r < 30 •m. A relatively small fraction of the 
emitted dust is transported out of the source regions, 16% and 
3%, for particles smaller than 10 and 30 •m, respectively. It 
should be noted that the calculated average dust concentra- 
tions would be only half the present ones, if the "dust-storm" 
days were omitted. The calculated emissions are in the range of 
previous estimates, ranging from 200-5000 Tg/yr [Pye, 1987; 
Tegen and Fung; 1994; Duce, 1995; Andreae, 1995], although 
the absolute amount of global dust emissions is strongly de- 
pendent on the choice of the maximum dust particle size, 
which is still considered to be "emitted." Gillette et al. [1992] 
estimated a dust source for the United States of 19 Tg for 
particles smaller than 10 •m. Our estimate of 24 Tg (r < 10 
•m) for the United States is in reasonable agreement with his 
source, considering the simplifications made in our work. 
Dust concentrations. The calculated annual-averaged and 
February-March-April averaged surface layer mineral aerosol 
mass concentrations are presented in Figures 4a and 4b, re- 
spectively. The spring months are, at least in Asia, the "high 
dust" season. The source regions can be clearly distinguished, 
with average concentrations during the spring dust season be- 
ing about twice as high compared to the yearly average. Con- 
centrations vary by 4 orders of magnitude from more than 300 
to less than 0.1 •g m -3. Dust concentrations decrease rapidly 
with height, and in the free troposphere zonal mean concen- 
rations range from near zero to 3 •g m -3 (Figure 4c). 
The concentrations within the source regions are difficult to 
compare to observations ince modeled dust concentrations in 
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Figure 4. Calculated surface layer mineral aerosol concentrations (micrograms per cubic meter) (a) annual 
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Figure 5. Comparison of calculated and measured dust con- 
centrations downwind oI the source areas. References are t, 
Shemya, Prospero and Savoie [1989], Annual average; 2, Mid- 
way, Prospero and Savoie [1989], Annual average; 3, Oahu, 
Prospero and Savoie J1989], Annual average; 4, Fanning, Pros- 
pero and Savoie [1989], Annual average; 5, Nauru, Prospero and 
Savoie [1989], Annual average; 6, American Samoa, Prospero 
a•d Savoie [1989], Annual average; 7, New Caled., Prospero 
and Savoie [1989], Annual average; 8, Norfolk, Prospero and 
Savoie [1989], Annual average; 9, Enetawak, Duce et al. [1980], 
April; t0, Enetawak, Duce et al. [1980], Sept.; tl, Phill. Sea, 
Prospero [1979], Annual average; 12, Japan, Iwasaka et al. 
[1993]; 13, Yaku Island, Nishikawa and Kanamori [t99ta], win- 
ter/spring (Non-Kosa); 14, Sal; Prospero et al. [1979], July/Aug./ 
Sept.; 15, Barbados, Prospero et al. [1979], July/Aug./Sept., 16, 
Miami, Prospero et al. [1979], July/Aug./Sept.; 17, Cayenne, 
Prospero et al. [1981], Annual average; 18, Bay of Bengal, 
Prospero [1979], March/April; 19, Mediterranean, Prospero 
[1979], April/May; 20, Mediterranean, Prospero [1979], July/ 
Aug.; 21, Hawaii, Parrington et al. [1983], spring; 22, Hawaii, 
Parrington et al. [1983], other seasons; 23, North.Atlantic 
(20N-30N), Prospero [1979], annual average; 24, North.Atlan- 
tic2 (30-40N), Prospero [1979], June-Sept; 25, North.Atlantic3 
(40N-50N), Prospero [1979], May-Aug; 26, S. Atlantict (28- 
38S), Prospero [1979], Oct.-Dec; 27, S.Atlantic2(t 1-36S), Pros- 
pero [1979], Dec.-Feb; 28, Cape Town, Prospero [1979], March; 
29, W. Coast N. Africa, Prospero [1979], FEb; 30, South Pole, 
Shaw [1979], annual average; For references (31)-(49) see 
Duce [1995]: 31, Beijing, China; 32, Xian, China; 33, Xiamen, 
China; 34, Malipo, Korea; 35, Poker Flat, Alaska; 36, Barrow, 
Alaska; 37, Thule, Greenland; 38, Ft Smith, Canada; 39, NW 
Indian Ocean; 40, Northern Indian Ocean; 41, Canary Islands; 
42, Barbados; 43, Bermuda; 44, Mace Head; 45, Okushiri; 46, 
Hachiojima; 47, Chichijima; 48, New Zealand; 49, Amsterdam 
Island. 
the source regions represent the product of average dust con- 
centration and areal coverage of arid regions within the t0 ø x 
10 ø gridboxes, while measurements reflect high spatial and 
temporal variabilities. Measured and modeled dust concentra- 
tions on the lee-side of the source regions are easier to com- 
pare, and we focus on the aerosol fraction subject to long- 
range transport (roughly <t0 txm), since the coarse particles 
are deposited by sedimentation in the direct vicinity of the 
emissions area. 
A comparison of the measured and calculated surface level 
concentrations, predominantly at background sites, removed 
from the dust source areas is presented in Figure 5. The cor- 
relation coefficient between the measurements and model cal- 
mass size distribution Apri 
100.000 ......... • ........ i ......... 
Sal 
1.000 
0.100 
0.010 Barbados 
0.1 1.0 10.U 100.0 
r [urn] 
Figure 6. Calculated mass size distribution at Sal and Bar- 
bados. 
culations is r - 0.67; measured concentrations are generally 
reproduced within a factor of 3 by the model. The dust con- 
centrations in Barbados, Cayenne, and Miami are strongly 
underestimated (by a factor of t0), whereas the concentration 
at Sal is rather well predicted, which may be an indication that 
wet removal of mineral aerosol is too strong in our model. On 
the other hand, the underprediction may also be a result of the 
existence of a transport mode above the marine boundary 
layer, which is not reproduced by our model [Westphal et al., 
1987, 1988; Karyampudi and Carlson, 1988]. The situation is 
further complicated by the observations of Chiapello et al. 
[1995] that Sal Island may not be a very representative site for 
the long range transport of dust, as the seasonal cycles of dust 
concentrations at Sal and Barbados are almost anticorrelated 
due to different seasonal transport patterns. 
The same may be concluded from the underestimation at 
some remote Pacific Islands. In addition, in Asia our calculated 
source may have been underestimated; for example, Kang and 
Sang [1991] report for Seoul an annual average mineral aerosol 
concentration transported from the Chinese continent of 55 txg 
m -3 which is higher than the average concentration calculated 
by our model [25 txg m-3]. Within the United States our 
calculated concentrations can be compared to the coarse frac- 
tion aerosol measured in the IMPROVE network [Malm et al., 
1994]. Our calculated dust concentrations overestimate mea- 
sured concentrations by a factor 3-5, which can be partly ex- 
plained by the cut-off diameter of the measurements being only 
t0 txm, whereas in the model in the source areas particles 
larger than t0 txm also represent a significant amount of mass. 
Dust size distribution. The calculated mass size distribu- 
tion for the month of April at Sal (located off the African 
coast) and Barbados are presented in Figure 6. Comparing 
with the source size distribution presented in Figure 1, the size 
distributions narrow toward particles smaller than t0 p_m due 
to sedimentation, in agreement with the calculations of Schutz 
[1979]. The mineral mass transported out of the source regions 
is dominated by aerosols between t and 5 txm, which is also 
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Figure 7. Calculated annual average column dust (milligrams per square meter). Isolines are 0.0, 10.0, 25.0, 
50.0, 75.0, 100.0, 300.0, 500.0, 1000.0, 3000.0, 5000.0. 
observed in measurements of Kosa events in Asia [e.g., Nish- 
ikawa et al., 1991a, b], indicating that our source size distribu- 
tion can be used for areas outside of Africa. However, as 
discussed in section 2.2, a large uncertainty is associated with 
the use of this source size distribution. 
Dust column abundance. Figure 7 shows the calculated 
annual average dust column amounts. The values range from 
less than 10 to more than 300 mg m -2. Elevated column 
amounts are found off the coast of east Asia, off the westcoast 
of Africa, and over the Indian Ocean. These features are qual- 
itatively consistent with the observed optical depths derived 
from advanced very high resolution radiometer (AVHRR) sat- 
ellite (Husar and Stowe, unpublished ata, 1995). 
Unfortunately, the AVHRR data give no information on 
dust aerosol in clouded regions, and in this respect they are a 
lower limit to dust amounts. However, the calculated decrease 
of Saharan dust concentrations from the African coast to 
South America of about a factor of 10, is somewhat stronger 
than the observed. In addition, no enhanced optical thickness 
is observed by satellite over South America and Australia, 
indicating that our model may be overestimating the dust 
sources in these continents. On the other hand, measured dust 
concentrations at the South Pacific Islands (see Figure 5) 
would be underestimated by an order of magnitude by ignoring 
these southern hemispheric sources. 
Comparison with other models. Mineral aerosol has been 
modeled by three other groups, in varying degrees of detail. 
Joussaume [1990] used a general circulation model (GCM), 
source regions derived from FAO statistics, and a source func- 
tion based on surface drag, to simulate the cycle of mineral 
aerosol. As only 1 aerosol size was considered, results were 
presented in arbitrary units, and cannot be compared directly 
to our results, although generally mass concentration patterns 
are similar to our results. Genthon [1992a, b] simulated dust in 
the Goddard Institute for Space Studies (GISS) GCM using 
three fixed radii of 0.2, 1, and 5/•m. The source regions were 
based on the GISS vegetation data set, and a source function 
dependent on wind speed to the power 3. The source function, 
however, was adjusted to yield average concentrations of about 
I /•g/m 3 over the oceans. Calculated ust distributions in the 
lowest model layer source regions showed somewhat lower 
dust concentrations than ours, probably due to the neglect of 
aerosol larger than 5 /•m. 
A recent study by Tegen and Fung [1994] utilizes the same 
model, but a more advanced description of the source regions, 
discriminating between clay, silt, and sand fraction of the soils, 
each with a corresponding size distribution. Similarly, as by 
Genthon [1992a, b], the source functions were tuned after- 
wards to obtain the best agreement with observational data. 
Some "shifts" of our sources compared to those of Tegen and 
Fung [1994] seem to be present, for example, our North Afri- 
can source is stronger in the Sahel region, whereas Tegen and 
Fung's [1994] source is strongest more northerly. Our calcu- 
lated dust concentrations, however, agree remarkably well with 
those of Tegen and Fung [1994], which may be partly due to the 
a priori prescription of particle size distribution in our model 
and the a posterJori fit to observations by Tegen and Fung 
[1994]. Recently, Tegen and Fung [1995] included also sources 
induced by land surface modification. Their calculations indi- 
cate that the anthropogenic ontribution to the total global 
mineral aerosol source may amount to 30-50%. In fact, 
through the use of surface observations in our emission func- 
tion, this anthropogenic influence is partly accounted for (e.g., 
in the Sahel region), although elsewhere [e.g., India] an an- 
thropogenic dust source may be missing. 
3.2. Heterogeneous Reaction Rates on Mineral Aerosol 
The mineral aerosol dispersed in the atmosphere provides 
reaction surfaces for a variety of chemical/physical processes, 
as discussed previously. One way to illustrate the importance of 
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Figure 8. Annual average (a) reactivity [xl03 s -1] on mineral aerosol calculated from aerosol surface 
distribution for •/ 0.1 (b) aerosol surface column -2 -2 = [m ...... • surface]' Isolines are 0.01, 0.03 0.07, 0.10, m earth 
0.30, 0.70, and 1.00. 
these surfaces is to calculate removal rates. Calculated annual 
averaged reaction rates using a reaction probability of •/= 0.1 
is presented in Figure 8a. These calculated coefficients may be 
compared to the pseudo-first-order ate coefficients calculated 
by Dentenet and Crutzen [1993] for the removal of N205 on 
sulfate aerosol. Calculated removal rates near the dust source 
regions appear to be of the same order of magnitude as those 
on sulfate aerosol in industrial regions (10 -3 --10 -4 
These high removal rates may also be interpreted in terms of 
aerosol surface per square meter of underlying Earth surface 
[Figure 8b]. Above the source areas the aerosol surface avail- 
able for reactions may amount up to 30% of the Earth's sur- 
face and in large parts of Africa and Asia this ratio is approx- 
imately 10%. As noted earlier this ratio may be considerably 
(upto a factor of 10) higher if, for example, the aerosol distri- 
bution by Shettle [1984] would be applied in the source regions. 
The resulting effect on atmospheric chemistry of the heter- 
ogeneous removal rates is strongly dependent on the gas phase 
lifetime of specific components. For example the OH radical, 
with a typical lifetime of seconds, will be hardly directly af- 
fected by heterogeneous removal reactions with rates of 10 -3 
--10 -4 s -1, although there maybe indirect effects through 
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Figure 9. Ratio of sulfate present on mineral dust to total sulfate (a) annual average and (b) February- 
March-April. Isolines are 0.0 to 1.0 in steps of 0.1. 
changes of other trace gas concentrations. On the other hand, 
ozone with a typical gas phase lifetime of 10 days, would be 
strongly influenced by the same removal rates. Note that the 
actual •, values applied in our model are given in section 2.3. 
3.3. Influence of Dust on Sulfate, Nitrate, 
and Ozone Concentrations 
Sulfate. Sulfate formation on mineral aerosol is presented 
in Figures 9a and Figure 9b. These show the annual averaged 
and February/March/April (FMA) averaged ratios of sulfate 
present on mineral dust to total sulfate at the Earth's surface. 
As explained in section 2, other sulfate-producing reactions in 
our model (competing with dust) are gas phase oxidation by 
OH and oxidation by H202 and 0 3 in cloud droplets [following 
Langner and Rodhe, 1992]. 
In the vicinity of the dust source regions we calculate very 
large fractions of sulfate associated with mineral aerosol, rang- 
ing from 50 to 70%. The regions where over 10% of the sulfate 
is associated with the mineral aerosol extends from east Asia to 
the central Pacific Ocean, and also to the southern Indian 
Ocean. Further, it spans from central Africa to the northeast- 
ern parts of South America, and covers vast regions of the 
western United States, southern South America, and Australia. 
During the months of FMA (the high dust periods in the 
northern hemisphere) the fraction of sulfate on mineral aero- 
sol increases and extends farther in the downwind directions. 
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Figure 10. Annual average increase of total sulfate due to reactions on mineral dust. Isolines are 0.90, 1.00, 
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This is particularly evident in eastern Asia, western Africa, and 
in the tropical regions of the Indian Ocean. However, the 
ratios of sulfate on mineral aerosol are only slightly higher 
during the high dust season, indicating that the neutralization 
reaction of SO2 is not limited by the dust Ca content. In fact, 
especially in the boundary layer, the reaction of SO2 with dust 
is calculated to be so fast that, compared to the reference 
simulation without mineral aerosol surfaces, a significantly 
larger fraction of SO2 reacts to sulfate instead of being re- 
moved by dry deposition. In Asia, where regions of high SO2 
emissions are exposed to elevated dust concentrations, a sig- 
nificant increase of the sulfate burden by up to a factor 2 is 
calculated, with almost all the sulfate being present on the 
surface of dust particles (Figure 10). This has important im- 
plications for the role of increasing sulfate in the radiative 
forcing of climate. Having a larger fraction of the sulfate as- 
sociated with the larger particles may diminish the local cool- 
ing effect of the (accumulation range) sulfate aerosol [Jonas et 
al., 1995], whereas the sulfate present on the mineral dust 
particles will hardly change the radiative properties of those 
dust particles. Present estimates of sulfate cooling which ig- 
nore mineral aerosols may strongly overestimate the forcing 
(especially in Asia during the high dust season). On the other 
hand, the sulfate formed on the mineral aerosol (or attached 
by coagulation) is likely to increase the ability of dust particles 
to act as CCN, and to enhance haze, fog and cloud formation 
[Parungo et al., 1995]. This issue requires a more detailed study. 
The fraction of sulfate associated with dust in marine re- 
gions may be overestimated, as SO2 reactions on sea salt aero- 
sol are likely to be more important [Lmia and Sievering; 1991]. 
Further, cloud processing of marine aerosol can give a complex 
internal mixture of si!icate.% su!fate• and sea salt [Anreae eta!., 
1986]; in such a mixture sulfate cannot be attributed solely to 
mineral aerosol. Unfortunately, not many measurements have 
been performed in the regions of interest to validate our cal- 
culations, and most observations do not provide representative 
climatologies. 
Our results are confirmed by Mamane and Gottlieb [1989] 
who showed that a significant fraction of mineral aerosol is 
coated by sulfuric acid after exposure to SO2. Earlier measure- 
ments of Mamane et al. [1980] in Israel have shown that during 
dust days 63% of all sulfate is present as mixed sulfates (desert 
dust coated with sulfates). On clear days, this fraction is re- 
duced to 20%. In this region we calculate ratios of around 
50%. In Israel, Levin et al. [1990; Z. Levin et al., The effects of 
desert particles coated with sulfate on rain formation in the 
eastern Mediterranean, submitted to the Journal of Applied 
Meteorology, 1995] find a fraction of the dust particles to be 
coated with sulfate. Interestingly, they observe a rather con- 
stant sulfur surface density (in g /.cm-2), indicating that the 
mechanism of sulfate production is depending strongly on the 
surface area. They interpret their measurements mainly in 
terms of "cloud processing," but do not exclude other path- 
ways, such as reactions on dry or wetted aerosol. 
Factor analysis by Winchester and Wang [1989] on aerosol 
from Asia and the Pacific provides strong evidence that almost 
all aerosol sulfur is associated with soil elements. Also they find 
that increasing sulfate amounts are present on mineral aerosol 
during long range transport. Zhang et al. [1993] performed size 
resolved factor analysis in five Chinese cities and they find both 
fine (<2 /•m) and coarse aerosol to be enriched in sulfur, 
although the relative fractions are not presented. More re- 
cently, single particle analysis on dust collected at Qingdao, 
located 500 km downwind of Beijing, showed that 50 to 80% of 
the large (d > 2/•m) particles are coated with sulfate [Parungo 
et al., 1995]. 
.qi7f • reqc•lved measurements in spring at Yorita, Kagoshima, 
and Mt. Shibi in Japan [Horai et al., 1993], show fractions of 5 
to 40% of total sulfate being present on particles larger than 
r = 0.5 /•m (cf, Figure 3). Most of this sulfate cannot be 
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attributed to sea salt. It should be noted (see section on effects 
on the global photochemical oxidant cycle) that in their work 
the presence of nitrate in the coarse aerosol fraction is even 
more clearly observed. Gao et al. [1991] measured a substantial 
fraction (20-30%) of sulfate to be present in coarse mode 
aerosol in Japan. Hirai et al. [1991] proposed, based on mea- 
sured rainwater pH and Ca content that 75% and 90% of the 
Kosa measured in Korea and Japan may be neutralized by 
acids. Size resolved measurements in Japan during Kosa events 
by Nishikawa et al. [1991a, b] show that approximately half of 
the total aerosol sulfate was present in the coarse aerosol. 
Okada et al. [1987, 1990] found, using X ray spectroscopy, that 
most mineral particles are coated with water soluble material. 
Indeed we calculate sulfate mineral aerosol to total sulfate 
fractions of 20-40% in these regions. 
Measurements by Davis et al. [1984] in 20 cities in the United 
States show an average coarse mode sulfate fraction of 17%. 
Elemental composition shows that most of the coarse fraction 
consists of mineral aerosol. Wolff [1984] measured a smaller 
coarse mode sulfate fraction of on average 7% for regions 
more located toward the east. These measurements roughly 
agree with our calculations: however they do not confirm our 
calculated high dust sulfate fractions in the southwest. 
Our results are contradicted by the observations of Savoie 
and Prospero [1982] who report sulfate mass in the tropical 
Atlantic at Sal and Barbados, which are regions of high dust 
concentrations, to be mainly present in the submicron aerosol 
fraction. A possible explanation is that this accumulation mode 
sulfate has been formed prior to encounter with dust loaded 
air. Wang et al. [1990] measured sulfate in Beijing to be prin- 
cipily enriched in the fine particle mode [0.5-1/•m] and not in 
the dust coarse mode [4-8/•m]. Mukai et al. [1990] observed 
that most sulfate on Oki Island near Japan is present as sulfuric 
acid and ammonium bisulfate, although again no quantitative 
results are given. 
All in all, most observations confirm our results of a rela- 
tively large fraction of aerosol sulfate being present in coarse 
aerosol, at least in the vicinity of dust source regions. It should 
be noted that we did not focus on sulfate measurements in 
regions of known low dust concentrations. In the latter regions, 
sulfate is likely to follow a typical accumulation range size 
distribution. 
It has been questioned whether sulfate found in coarse aero- 
sol is derived from reactions during the long-range transport of 
mineral aerosol, or originating from the soil itself. Nishikawa et 
al. [1991b] present sulfate weight fractions in soils of arid 
regions in China varying from less then 0.01% to 0.46% (S 
content 0.003-0.15%). Clearly this is insufficient o explain the 
high coarse fraction sulfate concentrations found in mineral 
aerosol. Likewise, soil sulfate contents of the Sahara are gen- 
erally thought to be low [Lo•e-Pilot et al., 1986]. Still some 
gypsiferous oils may exist in the Thar Desert, Iranian and and 
Arabian deserts [Dregne, 1968, as referenced by Savoie et al., 
1987]. It is not clear, however, whether these soil sulfate con- 
tents refer to the bulk mass, or to the fraction available for 
uplift of the soils, the latter obviously being most relevant for 
our calculations. Finally, another feature, not well represented 
in our model, is the patchy nature of high dust concentrations. 
This may lead to coexisting subgrid regions of high dust and 
high SO2 concentrations, and overestimate the reaction be- 
tween them. 
Nitrate. The annually averaged and FMA averaged ratio 
of nitrate on dust to total nitrate (=gas phase HNO3 + dust 
nitrate) are presented in Figures 11a and Figure 11b, respec- 
tively. The calculated ratio of dust nitrate to total nitrate is 
calculated to be almost unity in northern Africa, the Middle 
East and Asia, indicating that the buffering capacity by mineral 
dust is sufficient to neutralize the strong acidity by HNO3. The 
regions where at least 40% of the total nitrate is found on the 
mineral aerosol covers vast regions of the northern and south- 
ern Hemispheres. During the months of FMA the region cov- 
ers almost all of Asia and extends throughout the the central 
and northern regions of the Pacific Ocean basin, and the trop- 
ical and subtropical Atlantic and Indian Oceans. Only west and 
central Europe, the eastern portions of North and Central 
America, and the high latitude (>60 ø ) zones are predicted to 
have relatively small fractions of HNO3 associated with the 
mineral aerosol. In addition, regions of strong gradients of 
nitrate on dust are predicted in the subtropical Atlantic Ocean, 
and the low- and midlatitude regions of the western Pacific. 
A strong correlation of high total nitrate with high dust 
concentrations on the Atlantic and Pacific ocean has been 
noted by several authors [e.g., Savoie et al., 1989; Prospero and 
Savoie, 1989; Prospero et al., 1995]. This correlation is primarily 
due to the same meteorological conditions under which both 
dust and photochemically produced nitrate are transported 
from the continental source regions. It is unlikely, however, 
that significant amounts of gas phase HNO3 can survive long 
transport distances, due to the high dry deposition velocity of 
HNO3. Nitrate on the mineral dust surface can, however, be 
transported long distances since these particles have a lower 
dry deposition velocity (at least for aerosols smaller than 10 
Unfortunately, like for sulfate, there are relatively few mea- 
surements of aerosol nitrate available in the regions under 
consideration, and very few simultaneous measurements of gas 
phase HNO3 and aerosol nitrate. Analysis of aerosol and gas- 
eous NOy and NOx measurements at Cheju Island, S. Korea, 
using aerosol dynamics and equilibrium models indicates that 
20 to 60% of the nitrate is expected to be in the aerosol phase 
[Carmichael et al., 1995]. These values are consistent with those 
presented in Figure 11. 
As shown previously in Figure 2a, Asian aerosol shows a 
strong correlation between aerosol nitrate and calcium. The 
few existing size resolved measurements in Korea and Japan 
[e.g., Horai et al., 1993; Gao et al., 1991; Nishikawa, 1991a, b] 
show significant amounts of nitrate present in the coarse frac- 
tion aerosol (cf, Figure 3). In the USA and Israel, Ganor and 
Pueschel [1988] found many coarse fraction mineral aerosols 
to be coated with nitrate. Similarly, Wolff [1984] measured on 
average 67% of aerosol nitrate to be present in the coarse 
fraction aerosol. Parungo et al. [1995], found that at RH > 
50%, more than 50% of the large particles at Qingdao, China, 
were coated with nitrates, while less than 20% of the small 
particles contained nitrate. 
The consequence of HNO3 being present on mineral dust, 
instead of in the gas phase or in accumulation range aerosol, 
may be significant. For example, HNO3 reacting with mineral 
aerosol in or close to the dust source regions may be removed 
faster than gas phase HNO3 due to sedimentation of coarse 
mode aerosol. On the other hand, HNO 3 associated with the 
fraction of mineral aerosol subject to long range transport, may 
substantially enhance the transport distance of nitrate, and 
thus provide a means for HNO 3 to be transported to remote 
atmospheric regions, where it can participate in photochemis- 
try after photodissociation of NO•. However, we did not at- 
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Figure 11. Ratio of nitrate present on mineral dust to total nitrate (a) annual average and (b) February- 
March-April. Isolines are 0.20, 0.40, 0.60, 0.80, 0.90, 1.00, and 1.10. 
tempt to assess the significance of this process in this paper. It 
should be noted that over the oceans (at least in the marine 
boundary layer) sea salt aerosol offers a similar possibility for 
interaction with nitric acid as mineral aerosol. Thus, in the 
marine boundary layer the high fraction of nitrate associated 
with mineral aerosol presented in Figures 11a and 11b may in 
reality'be associated with sea salt aerosol. 
Effects on the global photochemical oxidant cycle. Mineral 
aerosols may affect the photochemical oxidant cycle by provid- 
ing additional reaction pathways for species such as N20 s and 
HO2, which in turn can influence ozone production/destruction 
rates. In addition, direct destruction of ozone on the dust 
surface may also take place, as discussed previously. In this 
section we evaluate the effects of the reactions of N:Os, HO:, 
and O_• on dust particles on ozone levels. 
Boundary layer ozone is reduced by about 10% by including 
these reactions in the dust source regions during the high dust 
season, and up to 8% yearly averaged (Figure 12a and 12b). 
Outside the high dust regions ozone decreases were found to 
be very small. The HO: radical concentrations are calculated 
to decrease by about 10% in the dust source regions (Figure 
13). However, the contribution of this reduced HO: concen- 
trations to O_• decrease is negligible, as the regions of highest 
dust concentrations generally have low NOx concentrations, 
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Figure 12. Calculated ratio of ozone indudin• interactions of as, NO•, and HO• with dust to a dust-free 
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and photochemical production of 03 by the reaction of NO 
with HO 2 is slow. 
Most of the calculated decrease of 03 (2-6%) is caused by 
the assumed direct 03 destruction reaction on aerosol. As has 
been argued before, the destruction rates of 03 on mineral 
aerosol are extremely uncertain; lower ,/values yield negligible 
destruction and higher values having some importance. Using 
the estimated upper limit of ,/(03) of 2 x 10 -4, which is 4 
times as high as our "best estimate" for ,/(03), ozone decreases 
would amount to about 20% in vast regions of North Africa, 
the Arabian Peninsula, and Middle Asia (Figure 12c). 
Destruction of N205 on mineral aerosol could by itself be 
effective in removing NOx from the atmosphere. However, in 
our calculations [following Dentener and Crutzen, 1993], we 
used, in addition to mineral aerosol, an accumulation range 
"background" sulfate concentration, on which N205 is also 
removed. As a consequence of the SO 2 reactions on dust, this 
"background" sulfate decreased, and the role of sulfate in 
removing N205 was taken over by the dust. The removal of 
N205 on dust therefore had only a small "additional" effect 
compared to our reference simulation, which ignored the ef- 
fects of dust. 
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Figure 12. (Continued) 
Our results can be compared with the box model simulations 
of photochemistry during the outbreak of Kosa dust storms by 
Zhang et al. [1994]. They estimated ozone decreases of about 
10% due to reactions on mineral dust. They did, however, not 
consider the direct ozone destruction on aerosol, so that the 
effects of N205 and odd hydrogen reactions on dust are esti- 
mated to be somewhat larger than in this study. 
Measurements in Happo, Japan, presented by Zhang et al. 
[1994], show a short-term anticorrelation of O3 with dust, with 
03 decreases on the order of 3-10% per 10/•g m -3 dust. On 
synoptical scales, however, high dust and 0 3 concentrations 
are correlated. Although the short-term anticorrelation of 03 
may be due in part to specific meteorological conditions, our 
calculated 03 decreases of a few percent for dust concentra- 
tions of 10-100/xgm -3 is consistent with these observations. 
Regional results. So far in this paper we have restricted 
our discussion to the global impact of mineral aerosols. How- 
ever, the effects discussed above can be intensified on regional 
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Figure 13. Ratio of HO 2 concentrations with dust reactions compared to a dust free situation in February- 
March-April. Isolines are 0.80, 0.82, 0.84, 0.86, 0.88, 0.90, 0.92, 0.94, 0.96, and 0.98. 
i i i i i i i i i i i i i 
180W 150W 120W 90W 60W 50W 0 50E 60E 90E 120E 150E 180E 
DENTENER ET AL.' MINERAL AEROSOL ON A REACTIVE SURFACE 22,885 
50. 100. 200. 400. 
(Unit:ppb) 
56 
ß 47 
MAX '- 
• 38 
J 
99 1 08 117 1 26 I 35 1 44 1 53 162 
Long i rude 
0.8 km 
8 0 
7 0 
6 0 
5 0 
-• 4 0 
ß 3 0 
2 0 
1 0 
:•:.• ...... -""'"•"'•' '•g)•-::.•:: -?"•"" ' '"•'  :':: 
-:• .... :-'•'"•" " ½'•-"•'-'4•' :- -a:'•' ::•'  ..... •,i•:.:::::...:: 
• :i!: :. ::':: '"'"'-'-"•--' •::• .... 
-: .... : ...... '•'"'"'""'"'•J•$... ?'•""•4•!:. 
'%!i':-::'?•?':•:•:':'":":• ! i .,.-6:• ? ½•(::: .::: ":"" "' "2 ;5:•.:•:!:?:" . ;!i:.• iil i _ ---.•.::.--::.•:::•-'-; • .'. ' 57:•,:•...:• ......... ...:..•:•:.::... •.•:::-.:•.•.-.-::-. 
. :- -...- -•  -:,,.•.• ..-.' :. : :.: _ 
.... :i' "':'"":•-.Y•...... Y: .....  
, :i',:•, ' I I I I .."::::"1' 
99 105 112 118 124 131 137 143 149 15• 162 
Long i rude 
latitude-4• 
99 105 112 118 124 131 137 143 149 156 162 
Long i rude 
latitude=35 
Figure 14. Calculated dust distribution on May 6, 1987, using the regional scale STEM-1I model. A series 
of dust storms occurred during the first 2 weeks in May. 
scales during high dust periods. For example, consider the 
situation in east Asia, where dust storms are common during 
the springtime. Calculated mineral dust concentrations for a 
typical dust storm during May 1987 are presented in Figure 14. 
These results are calculated using the STEM-II regional scale 
transport/chemistry model [Carmichael et al., 1991 ], with a 1 ø x 
1ø resolution driven by ECMWF data. As shown, the calculated 
concentrations of mineral aerosol exceed 400 •g/m 3 at loca- 
tions thousands of kilometers away from the source areas, and 
the effects of the dust storm are felt throughout the middle and 
lower troposphere. During this particular event, concentra- 
tions in excess of 75 •g/m 3 persisted for over 5 days. These 
concentrations are 10 to 20 times higher than the monthly 
averaged values shown in Figure 4b. These large surface areas 
can exert a significant impact on the regional biogeochemical 
and photochemical oxidant cycles in eastern Asia. For exam- 
ple, ozone levels in the presence of the elevated dust levels 
decreased by 20 to 50% when the dust-chemical interactions 
were included in the calculation. In addition, the effects of the 
dust perturbations on ozone remained for 8 days. Figure 15 
illustrates these effects. Shown are calculated boundary layer 
concentrations of dust and ozone concentrations with and 
without the dust-chemistry interactions for a location in central 
Japan. When the dust-chemistry interactions are included, not 
only are the ozone levels reduced significantly, but the corre- 
lation between ozone and dust is significantly shifted from 
positive to negative, in accord with those reported by Zhang et 
al. [1994]. 
Similar effects can be anticipated off the coast of West Af- 
rica, and other locations where dust storms are a common 
occurrence. This will be the subject of a future paper. 
4. Summary and Conclusions 
In this paper we explored whether mineral aerosol can im- 
pact tropospheric chemistry. We explored this issue using a 
global, three-dimensional model of the troposphere, which 
coupled mineral dust processes with the photochemical, nitro- 
gen, and sulfur cycles. There is a large body of observational 
data that supports the idea that mineral aerosols are an im- 
portant reactive surface. However, very little is known regard- 
ing the mechanisms by which mineral aerosols impact these 
cycles. Mechanisms for the interaction of SO,,, NOy, and 0 3 
with mineral surfaces have been postulated, and used to cal- 
culate heterogeneous removal rates. These calculations remain 
highly uncertain, mainly due to the fact that these surfaces 
have not been widely studied from a reactive surface stand- 
point, and basic information on sorption and reaction rates are 
lacking. Especially the most uncertain processes in our study, 
the direct uptake of ozone on dust particles and the mecha- 
nism and rate of uptake of SO 2 on dust, deserve priority in 
laboratory and field experiments. Removal rates are quite de- 
pendant on the deliquenscence properties of dust particles. 
These properties have been measured by Hiinel [1976] for 
African dust aerosol, but it is not clear if they can be applied to 
other regions. 
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Figure 15. Calculated boundary layer concentrations of dust and ozone with and without dust-chemistry 
interactions for a site in central Japan [Zhang et al., 1995]. 
In addition to the reduction of uncertainties in kinetical 
parameters, this work would improve by a more detailed me- 
teorological treatment of dust uplift, and consequent ransport 
in the atmosphere, for example, following the models of Tegen 
and Fung [1995], and a better understanding of the dust size- 
distributions [e.g., Dulac et al., 1992]. There are some uncer- 
tainties associated with the sulfate, nitrate, and calcium car- 
bonate content associated with the dust particles available for 
uplift in the source areas. Additional measurements would be 
useful. 
Our results illustrate that mineral aerosol can have a signif- 
icant impact on the chemistry of the troposphere. In the case of 
sulfate, a significant fraction of sulfate is predicted to be asso- 
ciated with mineral aerosol. The regions where over 10% of 
the sulfate is associated with mineral aerosol extend from east 
Asia to the central Pacific Ocean, and out into the southern 
Indian Ocean, spans from central Africa to the northeastern 
portions of South America, and covers vast regions of the 
western United States, southern South America, and Australia. 
The neutralization reaction of SO2 does not appear to be 
limited by the dust Ca 2+ content. In fact the reaction of SO2 
with dust was calculated to be so fast that, compared to the 
reference simulation without mineral aerosol surfaces, a sig- 
nificantly larger fraction of SO2 was found to react to sulfate 
instead of being removed by dry deposition. These results 
suggest hat the previous assumption that in East Asia sulfate 
aerosol follows an accumulation range aerosol size distribution 
is likely to overestimate the sulfate aerosol climate-cooling 
effect. On the other hand, these processes may enhance the 
CCN activity of the mineral aerosol. The nucleation of cloud 
droplets on mineral particles and subsequent cloud chemistry 
and oxidation of SO2 has been proposed as an important 
mechanism by Z. Levin et al. (1995). This process has not been 
accounted for in our model, but certainly deserves more atten- 
tion. 
An even larger fraction of gas phase nitric acid may be 
neutralized by nfineral aerosol, and there is less uncertainty 
about this process compared to the conversion of SO2 to sui- 
fate on dust particles. The parts of the globe where at least 
40% of the total nitrate is found on mineral aerosol cover vast 
regions of the northern and southern hemispheres. During the 
months of FMA the region covers almost all of Asia and 
extends throughout the central and northern regions of the 
Pacific Ocean basin, and the tropical and subtropical Atlantic 
and Indian Oceans. Only the regions of western and central 
Europe, the eastern parts of North and Central America, and 
the high latitude (>60 ø ) zones are predicted to have relatively 
small portions of HNO 3 associated with mineral aerosol. The 
consequences of HNO 3 uptake on mineral aerosol for pho- 
tooxidant chemistry are not clear. One possibility is that in- 
creased transport distances of nitrate on mineral aerosol may 
affect the photochemistry in remote areas. In this work we 
assumed that uptake of HNO 3 on mineral aerosol did not 
hinder uptake of SO2, other than depleting the CaCO 3 content 
of the aerosol. It would be valuable to verify this. 
Interactions of N205, 03, and HO 2 radicals with dust were 
also found to affect the photochemical oxidant cycle, with 
ozone concentrations decreasing by up to 10% in and nearby 
the dust source areas. Comparison of these results with the 
limited available measurements indicates that the proposed 
reactions can indeed take place, although the lack of measure- 
ments prevents a rigorous validation. 
The direct reaction of ozone on mineral aerosol warrants 
further study, and could be important at accommodation co- 
efficients exceeding 5 x 10 -5. These effects can be intensified 
on regional scales during high dust periods, where surface 
areas of the mineral aerosol can be an order of magnitude 
higher during dust storm compared to the monthly averaged 
values calculated by our global model. In addition, tropo- 
spheric reactions on dust can be expected to play a larger role 
during climatic periods of higher dust loadings. For example, 
during the last glacial maximum (---18,000 years ago), dust 
levels were up to an order of magnitude higher than those used 
in this paper [cf, Petit et al., 1981]. 
Mineral aerosols thus appear to provide an important reac- 
tive surface. Clearly, more research is necessary to further 
quantify the role of these aerosols in the chemistry of the 
troposphere. 
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